Purpose The purpose of the study was to estimate the size and bone thickness at the margin of the foramen magnum in a pediatric population. Methods Sixty occipital bone specimens from the collection of macerated skulls at the Department of Anatomy, University of Zagreb, were examined and measured using a vernier scale/ caliper. For the purpose of analysis, specimens were divided into two age groups: 1-6 years and 7-18 years of age (before and after the fusion of ossification centers in the occipital bone). We measured the following: antero-posterior and transverse diameters of the foramen magnum, bone thicknesses at the basion, opisthion, two paramedial points on the anterior and posterior margins, and at the occipito-squamous junction. Results Data presented in this study show that diameters of the foramen magnum increase with age, whereas bone thickness shows variable behavior depending on the measured area. Conclusions Increases in diameters in specimens from the younger age group and their absence in specimens from older subjects reflect the growth pattern of the basilar part of occipital bone. Variability of bone thickness at the margin of the foramen magnum and lack of its association with age of the subjects may be attributed to various factors and may potentially affect the clinical presentation of compression syndromes at the level of foramen magnum.
Introduction
The occipital bone encloses the posterior cranial fossa and consists of the occipital squama, which develops intramembranously, and the basal part, developing mostly from cartilage [2, 7, 9] . It appears on month 3 of gestation, as irregular ossification centers, which start to fuse between second and third postnatal years, to form a single occipital bone by the age of 7 [2, 10] .
The basilar part of the occipital bone contains a large oval opening, the foramen magnum (FM) , that allows for the passage of the spinal cord, anterior and posterior spinal arteries and veins, vertebral arteries, and spinal roots of CN XI, the accessory nerve [4, 13] . Variations in the size and shape of the basilar part of the occipital bone, including the FM, reflect the influence of both, the genetic and environmental regulators of bone development and metabolism [3, 6, 11] .
Morphometric data describing normal adult FM morphology have been previously reported [1, 12] . However, bone thickness at the margin of the FM has previously not been assessed.
The aims of the present study are to measure size and bone thickness at the margin of the FM in dry cadaver bones from a pediatric population and assess their relation to age and sex.
Materials and methods
The study included 60 occipital bones (30 male and 30 female, 1-18 years of age) from the collection of macerated isolated skull bones at the Department of Anatomy, University of Zagreb School of Medicine, collected between 1940 and 1970 [5] . The ethical approval was obtained from the Research Ethics Committee of the University of Zagreb School of Medicine.
Specimens were divided into two groups according to their age: specimens from subjects aged 1 to 6 years (including those aged 6 years, before the fusion of ossification centers) and specimens from subjects aged 7 to 18 years (including those aged 7 years, after the fusion of ossification centers).
Using a vernier scale/caliper, we measured the antero-posterior (AP) and transverse (T) diameters of the FM, and bone thickness at the margin of the FM (Fig. 1) . The AP diameter was measured from the basion to the opisthion. The T diameter was measured as the distance between the lateral margins of the FM on the line vertically intersecting the midpoint of the AP diameter. The bone thicknesses were measured at the basion, B (anterior margin), opisthion, O (posterior margin), and two additional paramedial points on the anterior (B1, B2) and posterior (O1, O2) margins of the FM, positioned between the lateral and the medial quarter of the transverse diameter. Thickness of the occipital bone was also measured at a point located 2 cm caudally form the opisthion (OC), corresponding to the occipito-squamous junction, slightly beneath the external occipital protuberance (Fig. 1) . All measurements were made by the same researcher, and repeated three times, using the mean value for further statistical analysis.
For the statistical analysis, distribution was assessed by the Kolmogorov-Smirnov test, confirming normal distributions for all nine variables. For normally distributed variables, we used t test for comparison between groups. Due to significant deviation of age from normal distribution and smaller sample size in separated age groups, we used a non-parametric (Spearman) correlation. Statistical analysis was performed using MedCalc Statistical Software version 12.5.0 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org).
Results
The AP diameter of the FM was found to be clearly associated with age (Table 1 , Fig. 2 ) in subjects younger than 6 years. Both AP and T diameters were not associated with age in subjects older than 7 years (Fig. 2) .
The association of bone thickness with age was less clear. Bone thickness at the basion (B) was not associated with age (Table 1 , Fig. 2 ). Bone thickness was clearly positively associated with age at paramedial points of basion (B1/B2) only in the age group 0-6 ( Table 1) .
On the contrary, bone thickness at the opisthion (O) was clearly associated with age of the subjects (Fig. 2) . Interestingly, lack of association in the age group 0-6 points to greater bone deposition in the period after the fusion of Non-parametric (Spearman) correlation was used, statistically significant correlations (p < 0.05) are shown in italics AP antero-posterior diameter, B bone thickness measured at the basion, B1 (B2) bone thickness measured at paramedial points of the anterior margin of the FM, O bone thickness measured at the opisthion, O1 (O2) bone thickness measured at paramedial points of the posterior margin of the FM, OC bone thickness measured 2 cm posterior to the opisthion, T transverse diameter ossification centers. In contrast to median point, thickness at paramedial points of the posterior margin (O1, O2) was positively associated with age among all subjects (Table 1) , but when subgroups were separately analyzed, the association was clearly detectable only in subjects aged 0-6 years (Table 1) .
We next assessed the influence of sex on diameters and bone thicknesses at the margin of the FM. Comparisons of measured variables revealed significantly lower AP diameters of the FM in female skulls, whereas all other parameters failed to reach a statistically significant difference between sexes (Fig. 3) . When we separately assessed the associations of Fig. 2 Representative scatter plots of variables showing different pattern of correlation with age depending on the observed age group. Left column all subjects, middle column subjects aged 6 years and less, right column subjects aged 7-18 years. Spearman's correlation coefficient (ρ) and significance (p) values are included in plots. AP antero-posterior diameter (mm), B bone thickness measured at the basion (mm), O bone thickness measured at the opisthion (mm), T transverse diameter (mm) measured parameters with age in male and female subjects, we found that AP diameters and bone thicknesses at the opisthion (O) were consistently related to age in both sexes (Table 2) . However, the basion thicknesses seemed to be affected by sex, as they were clearly negatively associated with age in female skulls (Table 2) . Additionally, the transverse diameter of FM in skulls of male subjects was not related to age (Table 2 ).
Discussion
The cross-sectional data presented in this study confirm the expected increase in diameters of the FM with age, whereas bone thicknesses are variable, and are clearly associated with age only in the posterior part of the FM.
The prominent increase of the diameters in the specimens from the younger (0-6) age group and its absence in older subjects (7-18) is an expected finding, taking into account the fact that sutures of the occipital bone close at the age of 7 [9, 10] . The finding of significantly shorter AP diameters of the FM in female skulls is in accord with the well-established sex dimorphism [12] .
Bone thicknesses at the margin of the FM showed wide variability, especially at the opisthion and paramedial points on posterior side of FM (range approx. 4 mm). Similar variability in thickness of the occipital bone was reported for the area around the external occipital protuberance [8, 14, 15] . This may be ascribed to individual variations due to the However, taking into account the fact that variability in diameters and bone thickness measured in the current study is comparable to the variability described by similar studies [14, 15] , we can stipulate that bone thickness is potentially more sensitive to the influence of individual constitutional or metabolic factors, than the diameters of FM, which show less variability.
A clear association of thickness with age was found only on the posterior margin of the FM (O, O1, O2), which showed greatest individual variations, supporting the conclusion that bone deposition in this area occurs continuously to adulthood.
A potential clinical application of these findings may be in compression syndromes, e.g., the Chiari's malformation type I [1, 13] , where bone thickness can affect the clinical presentation by modifying the length of the compressed segment. This should be addressed by further studies in patients, by a parallel assessment of bone thicknesses at the margin of the FM, degrees of tonsillar protrusion and clinical presentations.
